Abstract. Radiative lifetimes of 13 odd-parity levels of Mo II have been measured using time-resolved laser-induced fluorescence (TR-LIF) spectroscopy in a plasma produced by laser ablation. The investigated levels, within the energy range 48 022−63 497 cm −1 , were excited from the ground or appropriate metastable states with one-photon selective excitation. The uncertainties of the measured lifetime results are less than 10%. Calculated lifetimes of Mo II, obtained using the relativistic Hartree-Fock (HFR) method including core-polarization effects, are found to agree well with the measured ones. New transition probabilities are deduced for 246 transitions in the wavelength range extending from 207.431 up to 510.813 nm.
Introduction
Accurate radiative lifetimes can be used for obtaining oscillator strengths when they are combined with experimental or theoretical branching ratios [1] . Oscillator strengths are of great importance for the determination of elemental abundances in stellar photospheres [2] . In astrophysics, transitions of Mo II have been observed in stellar and interstellar spectra. For example, Jascheck and Brandi [3] and Cowley et al. [4] observed Mo II lines in two Ap stars of the Cr-Eu-Sr subgroup, while Adelman [5] confirmed the presence of Mo in at least 11 cool Ap stars of the same subgroup. In 1999, Brandt et al. [6] identified two Mo II resonance lines at 201.5 and 202 nm in the HgMn-type star χ Lupi using the Goddard high-resolution spectrograph on board the Hubble space telescope.
Presently, experimental transition probabilities and oscillator strengths for Mo II transitions emitted from highly excited levels are scarce due to the lack of radiative lifetime measurements. The existing results are mostly concerning the low excitation levels. Concretely, in 1983 Hannaford and Lowe [7] measured lifetimes for 15 levels of the z 6 F • , z 4 P • , z 6 P • and z 6 D • terms using the LIF method applied to a sputtered metal vapour. Later on, Sikström et al. [8] reported experimental radiative lifetimes for ten levels by the LIF technique. With a HFR approximation including core polarization effects, theoretical lifetimes for 37 levels of Mo II and the oscillator a e-mail: e.biemont@ulg.ac.be b e-mail: dai@jlu.edu.cn strengths of the depopulating transitions were calculated by Quinet [9] . Very recently, Lundberg et al. [10] measured new radiative lifetimes for 14 odd levels in the energy range 48 000−61 000 cm −1 with the method of LIF spectroscopy. To our best knowledge, however, no experimental radiative lifetimes have been reported in the literature for the levels above 61 000 cm −1 although transitions from these levels are likely to be observed in astrophysics and in plasma physics.
In the present paper, the lifetimes for 13 Mo II levels were measured by the TR-LIF method and, among them, ten levels are located above 61 000 cm −1 . The lifetimes of the levels at 48 022.82 and 60 992.76 cm −1 , which were investigated previously by Hannaford and Lowe [7] , Sikström et al. [8] and by Lundberg et al. [10] , respectively, were also measured in the present paper for comparison. Corresponding theoretical lifetime values were also calculated using the multiconfigurational HFR method taking core-polarization effects into account, and they are in good agreement with the experimental results having in mind the complexity of the calculations in such heavy atomic systems. In addition, new theoretical transition probabilities and oscillator strengths for a set of 246 transitions in the wavelength range from 207.431 to 510.813 nm were also obtained using the HFR method.
Lifetime measurements
The experimental setup used for the lifetime measurements is similar to the one described in our paper [11] , and only a brief outline is given here. Two Nd:YAG lasers both having the output wavelengths of 532 nm, pulse durations of about 8 ns, and repetition rates of 10 Hz were used in the experiment. One of them was focused on a rotating molybdenum foil to produce laser-induced Mo plasma. The pulse duration of the other one was compressed to 1−2 ns by a stimulated Brillouin scattering (SBS) compressor. The setup of the pulse compressor is illustrated in Figure 1 . A detailed description of this technique has been presented by Schiemann et al. [12] . The compressed pulses were conducted into a dye laser (Sirah Cobra-Stretch) with a 0.08 cm −1 linewidth operated with a DCM dye. The third harmonic of the dye laser, generated by two BBO crystals and a retarding plate, was horizontally sent into the vacuum chamber to excite Mo II ions. The delay time between the excitation and ablation pulses can be tuned by a pulse delay generator (SRS DG535). Fluorescence from a measured level was dispersed by a grating monochromator and then detected by a microchannel plate photomultiplier tube (Hamamatsu R3809U-58) with a 163-ps rise time. A 2.5 GHz digital oscilloscope (Tektronix DPO 7254) was used to register and average the transient signals from the detector. Each fluorescence decay curve was obtained by averaging over 1000 shots to obtain a good signal-to-noise ratio, and more than 10 curves under different conditions were recorded for each level to get the final lifetime.
The partial diagram of the energy levels and the excitation schemes followed in the present experiment are shown in Figure 2 . The energy level data were taken from the paper of Nilsson and Pickering [13] . In the measurements, due to the finite linewidth of the dye laser, the exciting wavelength has been carefully chosen from all available excitation pathways to avoid simultaneous excitation of other levels. Moreover, careful attention has been paid to the effects such as the radiation trapping effect, the collisional effect, the flight-out-of-view effect, and the saturation effect which could possibly contribute to the systematic errors of the experimental results. The details for checking and eliminating these effects were described in our paper [11] . The lifetime values were performed by fitting the experimental fluorescence decay curve to a convolution of the recorded laser excitation pulse and a pure exponential function. A typical fluorescence decay curve for the 63 298.54 cm −1 level together with an exciting pulse and a fitted convolution curve is shown in Figure 3 .
Theoretical calculations
Lifetimes, transition probabilities and branching fractions were calculated using the relativistic HFR approach [14] including core-polarization corrections (see e.g. [15] ). As the physical model considered was exactly the same as the one described in our recent study of Mo II [10] , the details will not be repeated here. Let us just remind that, in the latter work, the configurations 4d 5 , 4d 4 5s, 4d 4 6s, 4d 4 5d, 4d 3 5s 2 , 4d 3 5p 2 , 4d 3 5d 2 , 4d 3 5s5d (even parity) and 4d 4 5p, 4d 4 6p, 4d 4 4f , 4d 4 5f , 4d 3 5s5p, 4d 3 5p5d (odd parity) were included in the calculations with the dipole polarizability α d = 5.67a 3 0 and the cut off radius r c = 1.73a 0 as corepolarization parameters. This model was then combined with a semi-empirical adjustment of the radial parameters using the experimental energy levels published by Nilsson and Pickering [13] which allowed us to refine the study previously performed by Quinet [9] .
Results and discussion
In the present paper 13 lifetimes for highly excited oddparity Mo II levels from 48 000 to 63 500 cm −1 belonging to the 4d 4 5p configuration have been measured and presented in Table 1 together with the HFR theoretical lifetimes. The results fall in the range from 2.2 to 7.5 ns. One can see that the lifetime of the 48 022.82 cm −1 level reported by Hannaford and Lowe [7] and Sikström et al. [8] with the LIF method agrees well with our result. But for [13] .
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d Lundberg et al. [10] . the 60 992.76 cm −1 level, there is a difference reaching 13.6% between the result by Lundberg et al. [10] and ours (using the former as the reference). There is no clear explanation for this discrepancy. As it can be seen from Table 1 however, our result is much closer to the theoretical HFR value.
The differences between the HFR and experimental lifetimes are within ±10% (using the experimental values as the references) except for the levels 60 973.46, 62 492.15, 62 728.65 and 63 012.56 cm −1 of which the discrepancies are 16.7%, 25.8%, 10.6% and 22.7%, respectively. It may be concluded that the HFR theoretical results agree basically well with the experimental lifetimes measured in this paper.
In Table 2 , the transition probabilities (A ki in 10 7 s −1 ) and oscillator strengths (log gf ) are presented for 246 transitions depopulating the levels for which the lifetimes have been measured in the present work. Besides the HFR results, the corrected values which were obtained from a combination of the experimental lifetimes and the HFR branching fractions are also presented for comparison.
Conclusions
The lifetimes of 13 highly excited odd-parity levels of Mo II in the range of 48 000−63 500 cm −1 have been measured using the TR-LIF technique in a laser plasma. To our best knowledge, 11 lifetimes among them are reported for the first time. The results are from 2.2 to 7.5 ns with the uncertainties within ±10%. A comparison was performed between the experimental lifetimes and theoretical HFR values, and a rather good agreement is achieved. Moreover, the HFR transition probabilities and oscillator strengths of the lines depopulating these levels were calculated and compared with the corrected ones which were obtained by combining the measured lifetimes with the HFR branching fractions. We believe that these results are more useful in some fields such as plasma physics, and astronomical spectroscopy etc. [13] .
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